One of the characteristic features of kwashiorkor is an accumulation of stainable lipide in the liver. This fat occurs throughout the liver lobule in advanced cases but is seen first, and later predominantly, in the periportal areas (2) . The condition of the patient is improved markedly by feeding skim milk powder, and recent publications by Brock (3, 4) suggest that the important ingredient is the improved supply of amino acids.
Members of this Department have long been interested in fatty livers of dietary origin. Shortly after the lipotropic action of choline and betaine had been established (5) , an effect of dietary protein on this phenomenon was noted (6) (7) (8) (9) . This led to the discovery that methionine possesses a strong lipotropic activity (i0), which appeared at first to account for the effects of dietary protein (11, 12) . Later Beveridge et al. (13, 14) reported that the balance of essential amino acids as well as the supply of lipotropic factors affects the fat content of kepafic cells in the rat. Others have elaborated upon this phase of the problem (15) (16) (17) (18) . Lack of choline had long been known to result in a centrilobular distribution of the newly deposited hepatic lipides in rats. More recently protein deficiency has been shown to cause the stainable lipide to appear in periportal areas of the livers of rats (19, 20) .
The present study deals with findings in primates. Monkeys have been fed purified diets free from choline and betaine and low in methionine, but believed to be adequate in other respects. (When choline was present the monkeys gained in weight; one female had a baby and suckled it.)
Biopsy specimens of liver revealed that after 1 year on the choline-free diet considerable amounts of stainable fat were present. Fat appeared predominantly in periportal areas. The type and site of lipide accumulation in these experimental animals had a close resemblance to that seen in certain stages of kwashiorkor. The livers of the choline-supplemented animals appeared perfectly normal.
Methods
Four male Cebus monkeys weighing between 1.5 and 2 kg. and four Rhesus monkeys (two males, two females) weighing between 3.5 and 4 kg. were acclimated to their new environment after arrival in our colony. All animals proved to be healthy and free of infectious diseases. They gained weight on nutritious, mixed, natural foodstuffs. After 6 months of acclimatization the animals were given the purified rations. Two Cebus and two Rhesus monkeys were given a choline-deficient diet the composition of which is outlined in Tables I and II Preparation of the Diets.--It was found that the diet when given as dry mixture was not well accepted by the animals and great amounts of the food were wasted. We therefore decided to bake the basal mixture and offer it as biscuits to the animals. The dry ingredients were mixed in 8 kg. lots in a Hobart mixer for 30 minutes. The mixture was divided into 2 kg. portions, into each of which 110 ml. of tap water was then stirred to give a pasty consistency. This batter was then baked on two biscuit sheets in an oven (180°C.) for 20 minutes. Each biscuit sheet, therefore, carried an amount of I kg. of the original dry mix and 55 ml. of added water. After baking, 10 minutes were allowed for cooling and then 20 gm. of the corn oil vitamin mixture were equally distributed over the surface of the contents of each biscuit sheet. The sucrose-vitamin mixture (20 gm.) was then dusted onto the surface, to which it adhered well under these conditions. After complete cooling had taken place the baked material was broken into squares weighing about 20 gm. each. These biscuits were acceptable to the monkeys. This procedure changed a dry dusty diet into soft somewhat crumbly biscuits one surface of which was covered with the vitamin mixtures. As the vitamins were added after baking none were destroyed. To ensure freshness only 2 kg. was baked at a time. This amount lasted for about 5 days.
The monkeys were housed in individual units in a room which was thermostatically controlled at 30°C, and in which an automatic switch provided light for half a day. The cages were roomy enough to allow for moderate activity, but in addition, all animals were given an opportunity daily to exercise vigorously in a special compartment adjacent to the cages. Both groups of animals were fed their diets at/libitum for a period of about 1 year, at the end of which time liver biopsies were taken by laparotomy under general (nembutal) anesthesia. Lipides were determined on about 5 gin. of biopsy material (Table III) . Blood was withdrawn at regular intervals from the animals by venipuncture and analysed for total lipides, total phospholipides, and total cholesterol (Table IV) . Total liver lipides were extracted with hot alcohol (3 times, 5 ml. per gm. each time) after grinding the biopsy specimen in a Waring blendor and treating the minced tissue with 5 volumes of redistilled acetone. The combined acetone and alcohol extracts were taken to dryness in vacuo (water bath 45°); lipides in the residue were taken up in 3:
Values for blood lipides were obtained by a slight modification of Bloor's alcohol-ether extraction method (21) . Cholesterol was determined on aliquots of the petroleum ether-chloroform solutions by the method of Sperry and Webb (22) . Phospholipide P was determined by King's method (23) and phospholipide was calculated using the factor 25.0 X P. Total lipides were determined gravimetrically.
Histological sections were done on small pieces of biopsy material and stained with hematoxylin-eosin. Histochemical tests were performed to detect the presence of reticulin fibres and connective tissue in paraffin sections. Fat was stained with oil red O in frozen sections (24) . 
RESULTS
(a) Weight and Growth.--The choline-deficient monkeys either kept their weight throughout the entire experimental period or increased it somewhat. The choline-supplemented animals ate more and grew better (Text-figs. 1 and 2). This meant that the choline-supplemented diet was sufficient and well balanced in every respect, otherwise good growth would not have been obtained (Text- figs. 1 and 2) .
(b) Biochemical Findlngs.--It can be seen from Table III that there was a two-to threefold increase in extractable lipides in the livers of the choline-deficient animals. In contrast, there was a decrease in all fractions of the blood lipides in the choline-deficient monkeys (Table IV) . These biochemical findings are consistent with those obtained in other species.
(c) Pathology and Histology.--Upon laparotomy no serous fluid was detectable in the abdominal cavity in any of the animals. The gross inspection of spleen, intestine, pancreas, and kidneys did not reveal any abnormality. The great vessels of the abdominal cavity showed no sign of pathological changes. The only visible finding in the deficient monkeys was a slightly enlarged, firm, yellowish liver whose capsule was smooth and shiny without any adhesions. The livers of the supplemented animals, however, appeared perfectly normal. Histological examination of the choline-deficient livers with fat stains revealed fine lipide droplets throughout the entire liver lobule, but the main site of fat accumulation was the periportal area ( Figs. 1 and 2 ). Here lipide appeared frequently in huge coalescing globules that squeezed the remaining cytoplasm to a narrow rim. The nucleus in these lipide-laden hepatic cells often was displaced into a corner of the liver cell (Fig. 4) . Sometimes numerous smaller droplets were discernible instead of one large globule. The Kupffer and sinus cells as well as the biliary system appeared normal. No abnormal reticulin or collagenous fibres were observed in these animals after 1 year on the cholinedeficient diet. Also, no fatty cysts were discernible, nor were there any signs that the lipide-laden cells had ruptured.
The livers of the choline-supplemented monkeys did not exhibit any stainable lipide at all and appeared perfectly normal in every respect (Fig. 3) . 
DISCUSSION
The essential amino acid requirements of monkeys are not known to us. Even the choline requirement is still not known.
The appearance of stainable lipide in the periportal areas of the liver lobules of rats is generally considered to indicate that some protein deficiency or amino acid imbalance exists in the ration. The periportal accumulation of lipide in our monkeys fed the diet deficient in choline raised suspicion that the food was inadequate in protein. While this conclusion would be the correct one in rats it appears unwarranted in primates under our experimental conditions, for the following reasons. When choline (0.3 per cent, as chloride) was included, good growth was obtained and perfectly normal livers were observed. One female on the choline-supplemented diet became pregnant and gave birth to a normal offspring that she suckled and raised in good health. The essentially satisfactory nature of the basal ration is indicated by the fact that even the animals fed the choline-free diet did not lose weight, and some actually gained, in spite of a fatty liver. The methionine content of the diet (about 160 mg. per 100 gin.) would be considered very low for a species with a rapid rate of growth (e.g. the rat) but it was apparently reasonably adequate for the slower growing monkeys, when choline was present.
When the choline content of the diet is insufficient, methionine may act as precursor for the biosynthesis of choline. When dietary methionine is limited, the evidence is strong that it is preferentially used for growth and maintenance (14, 25, 26) . This hypothesis is supported by the observation that the monkeys fed the choline-deficient diet grew to a limited extent and had moderately fatty livers. Inclusion of choline in the diet eliminates the need for the body to divert any significant amount of methionine for lipotropic purposes--practically all is available for growth or maintenance. This would explain why the choline-supplemented monkeys grew well and had normal livers.
Attempts to estimate the food consumption of the monkeys were defeated by their wasteful behaviour. We were forced to use ad libitum feeding. With further experience we hope to achieve a reasonable degree of accuracy in paired feeding.
The pathological finding of a fatty liver raises the question as to what caused the abnormality. The fatty liver in these monkeys obviously was due to some nutritional factor. With a diet of the type fed here three factors come to mind: (a) tack of choline, (b) insufficient methionine, and (c) general deficiency of protein. The fact that supplementary choline prevented the development of fatty livers might seem to justify the conclusion that the first condition, ~/z. lack of choline, was responsible. However, a further analysis of the situation reveals other possibilities. The basal diet was designed to be free from both choline and betaine and low in methionine, which is a biological precursor of choline. Part, or all, of the hepatic lesion might be attributed to the low methionine content in the protein mixture used.
The biological value of a protein depends on its amino acid composition. When one essential amino acid is present in short supply, the other dietary amino acids are available for synthesis of body protein only in amounts proportional to that of the limiting amino acid (27, 28) . If one accepts this concept, one has to conclude that restriction of dietary methionine will limit the extent to which the body can utilize the other amino acids supplied in the diet. In other words, the diet low in methionine is probably also unsatisfactory with respect to other amino acids in spite of the amount of protein supplied. Therefore, a decision as to the primary dietary etiological factor in the production of the fatty liver is not easily reached. The improvement brought about by choline supplementation could be due in part to sparing methionine and consequent improvement in the availability of the other essential amino acids in the dietary protein.
SUMMARY
Fatty livers resembling those seen in the early stages of kwashiorkor have been produced in primates. Monkeys were fed, for about 1 year, purified diets free from choline and betaine and low in methionine. Supplementation with choline slightly improved food consumption and gain in weight. Choline prevented the appearance of any stainable lipide in the liver of the control animals. The extent to which the slightly greater intake of protein, including methionine, in the choline-supplemented animals contributed to the prevention of the periportal accumulation of fat in the liver is being determined. 
